We aimed to evaluate the efficacy and safety of antithrombin (AT) supplementation and concomitant anticoagulation therapy in 65 children who met the Japanese Ministry of Health and Welfare (JMHW) disseminated intravascular coagulation (DIC) criteria and had received AT concentrate and/or other concomitant anticoagulants. The primary efficacy end point was to determine standardized mortality ratio (SMR). The secondary efficacy end points were DIC resolution rate and pediatric sequential organ failure assessment (pSOFA) score on day 3. The 28-day mortality rate was 6.8%; SMR was 0.55. Disseminated intravascular coagulation resolution rate on day 3 was 54.5%. The JMHW DIC scores at day 0 (P ¼ .005) and pSOFA scores at day 3 (P ¼ .018) were significantly lower in patients with resolution of DIC than in those without resolution of DIC. The target cutoff value for JMHW DIC score on day 0 was 6. No bleeding-related adverse events were associated with AT administration. In children with DIC, AT supplementation and concomitant anticoagulation therapy can be safely used as initial treatment when JMHW DIC score is 6; it may improve DIC resolution, organ failure, and mortality rates.
Background
Disseminated intravascular coagulation (DIC) is characterized by systemic activation of blood coagulation, which results in an inadequate supply of blood to various organs, 1,2 which may in turn lead to multiple organ dysfunction syndrome (MODS), resulting in poor outcomes. 3 A previous report suggested that rapid diagnosis and early treatment of DIC may improve outcomes for these patients. 4 The Japanese Association for Acute Medicine (JAAM) DIC criteria were established to facilitate early diagnosis of DIC, 5 but in developing the criteria, data were collected from only adults. It remains to be determined whether the JAAM DIC criteria may safely be applied to children. In contrast, the Japanese Ministry of Health and Welfare (JMHW) DIC criteria 6 have previously been used for children. However, investigations in the fields of emergency medicine and surgery have shown that diagnoses based on JMHW criteria are often too late. 5 Antithrombin (AT) is a key inhibitor of the coagulation system and is estimated to account for 80% of inhibitory activity against thrombin. 7 It was recently revealed that AT has a protective effect against the endothelium and capillary leakage. 8 Therefore, AT is potentially effective for DIC resolution; conversely, decreased levels of AT are associated with an increase in mortality. 9 Several studies conducted in Japan have demonstrated the effectiveness of AT supplementation, which is not associated with an increase in risk of bleeding among patients with DIC with sepsis. [10] [11] [12] A recent meta-analysis reported beneficial effects of anticoagulant therapy in patients with sepsis-induced DIC. 13 Antithrombin concentrate and recombinant human thrombomodulin (rhTM) are recommended agents that are commonly used as anticoagulants in the treatment of sepsis-induced DIC 14, 15 ; however, concomitant therapy provided no additional benefit in terms of survival. 16 To date, almost all studies performed to investigate anticoagulant therapy have been performed in adult populations, and few studies have examined the issue in pediatric populations. [17] [18] [19] [20] The clinical benefits of AT and concomitant anticoagulant therapy, as well as the pharmacokinetics of AT, remain to be investigated in a pediatric population.
The objectives of this study were to evaluate the efficacy and safety of AT supplementation and/or concomitant anticoagulant therapy and to establish the target AT activity value after administration of AT concentrate in children.
Methods
This study was conducted in accordance with the Ministry of Health, Labor and Welfare guidelines established for postmarketing surveillance. Multicenter and postmarketing survey data collected by the Japanese Blood Products Organization during the period from 2013 to 2016 were used for analysis. All patients were treated according to the discretion of the attending physician, and there was no limit to the combination of drugs. Personal data were rendered anonymous at the time of data collection. Therefore, although it was not necessary for this surveillance to be approved by the ethics committee or for informed consent to be obtained, the consent of the patient's family was secured when required by the ethics committee of a particular facility.
Antithrombin concentrate (Nauert; Japan Blood Products Organization, Tokyo, Japan) was administered when patients met JMHW DIC criteria (DIC score ! 6) and AT activity was 70%. Exclusion criteria were hypersensitivity to AT, history of leukemia, malignant tumor, liver cirrhosis, and history of resuscitation after cardiopulmonary arrest. Antithrombin concentrate was administered by intravenous infusion once a day. Although AT concentrate was always injected after diagnosis of DIC, because the initiation of AT treatment was not standardized, each physician was able to freely determine the timing of AT injections. There was no limitation in terms of the duration of AT administration, and each physician used clinical judgment to determine when to discontinue treatment with AT. The dose of AT concentrate was individualized for each patient, with the goal of achieving AT activity levels between 80% and 120% 21 (AT supplementation). There was also no limitation with regard to the use of heparin derivatives (unfractionated heparin [ Disseminated intravascular coagulation was evaluated using the JMHW DIC score (DIC score ! 6). According to the JMHW DIC criteria, the cutoff value for DIC scores for the diagnosis of DIC is 7 points, and a score of 6 suggests suspected DIC. In this study, we set the cutoff value at 6 to facilitate early detection of DIC. Organ dysfunction was assessed using the pediatric sequential organ failure assessment (pSOFA) score. 22 The survival rate was calculated based on the number of patients who survived 28 days after the first administration of AT. At the onset of AT administration, the following information was collected: age, gender, presence or absence of infection, bleeding, platelet count (PLT), AT activity, prothrombin time-international normalized ratio (PT-INR), fibrinogen plasma levels (FBG), and fibrin/fibrinogen degradation products (FDP).
The hemostatic system in children differs significantly from that of adults. Normal adult levels of AT are achieved at about 6 months of age. 23 Physiologically, AT activity is 63% of normal adult levels by first day after birth, 78% at 1 month of age, 97% at 3 months of age, 104% at 6 months of age, and 105% in adults. 23 The influence of the age could be eliminated by expressing measured AT value as a percentage of normal AT value, and the percentage AT activity compared to normal (corrected AT [c-AT] activity) was evaluated. Laboratory and coagulation tests (the JMHW DIC score, the JAAM DIC score, pSOFA score, and AT activity) were performed at 2 time points: before administration of AT (day 0) and 3 days after AT was first administered (day 3). Antithrombin activity was measured daily until 3 days after AT administration.
Discrimination Capacity of JMHW DIC Scores for the JAAM DIC Criteria
The JAAM DIC algorithm may be used to diagnose DIC early at a high diagnostic rate. In this study, DIC was diagnosed with the JMHW DIC scoring system rather than the JAAM DIC scoring system. The patients were divided into 2 groups: patients who met the JAAM DIC criteria (JAAM DIC score >4) and those who did not meet the criteria both on day 0 and day 3. Receiver operating characteristic curve analysis was performed to evaluate the cutoff level of the JMHW DIC score to predict patients meeting the JAAM DIC criteria.
Efficacy End Point
The primary efficacy end point was to calculate standardized mortality ratio (SMR) as the ratio of observed deaths to expected deaths. Estimations of the expected number of deaths were based on pSOFA score 22 ; death occurred in about 70% of patients with scores of 21 to 24, 50% of those with scores of 17 to 20, 30% of those with scores of 13 to 16, 8% of those with scores of 9 to 12, 2% of those with scores of 5 to 8, and 0% of those with scores of 0 to 4.
The secondary efficacy end point was rate of DIC resolution and pSOFA score at day 3. Disseminated intravascular coagulation resolution was defined as a JMHW DIC score <6. The effectiveness of administration of AT alone (AT group) was compared to that of AT plus rhTM (AT þ rhTM group) and AT plus UFH/ LMWH (AT þ H group). Subgroup analysis was performed to evaluate changes in clinical and laboratory findings.
Safety Assessment
Safety data were coded using preferred terms from version 14.1 of the Japanese version of the Medical Dictionary for Regulatory Activities. 24 Adverse events (AEs) and adverse drug reactions (ADRs) were classified according to International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) guidelines. 25 The safety assessment included questions pertaining to bleeding AEs and all ADRs observed up to 28 days after administration of AT.
Statistical Analysis
In the descriptive analysis of baseline characteristics, numerical data are expressed as median (Q1-Q3; interquartile ranges). Nominal variables were compared between groups with Fisher exact test. Continuous variables were compared with the Mann-Whitney U test. The Kruskal-Wallis test was used for comparison of 3 continuous variables. Multiple comparisons were evaluated using the Steel-Dwass post hoc test. The correlation was examined with Spearman correlation coefficient test. Receiver operating curve analysis, including the area under the curve (AUC), was used to compare cutoff values of the JMHW/JAAM DIC score and c-AT activity. The results of the analysis were considered significant when P < .05. Statistical tests were performed using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).
Results

Patient Demographics and Characteristics
A total of 65 patients were included in the study. Two patients were excluded from the safety analysis due to lack of safety data. Furthermore, 19 patients were excluded from the efficacy analysis: 2 due to protocol violation, 7 due to incomplete data, and 10 due to failure to meet inclusion criteria. Finally, 63 patients were included in the safety analysis and 44 in the efficacy analysis ( Figure 1 ). Of the 44 patients, 16 (36.4%) were female; median age for the entire study population was 1.0 year (0.2-4.0 years). Infections were found in 24 (54.5%) patients, and the focus of infection was commonly pulmonary (n ¼ 10, 41.7%). Other anticoagulants, rhTM, UFH, LMWH, and NM, were given in 24 (54.5%), 8 (18.2%), 4 (9.1%), and 5 (11.4%) patients, respectively. Fresh frozen plasma and PC were administered in 28 (63.6%) and 23 (52.3%), respectively. The number of survivors at day 28 was 41 (93.2%).
At the time when AT was started (on day 0), median PLT was 79 000/mL (40 000-117 000), median PT-INR was 1.81 (1.41-2.29), median FBG was 180 mg/dL (118-298), and median FDP was 26.5 mg/mL (11.0-91.6); furthermore the JMHW DIC score was 7.5 (6.0-9.0) and the JAAM DIC score was 5.0 (4.0-6.0). The pSOFA score was 10 (8.0-13.0). The number of expected deaths was 5.5; the number of observed deaths was 3. The SMR was 0.55, which was less than 1.0, but not significant (95% confidence interval [CI]: À0.06 to 1.17). Rate of DIC resolution at day 3 was 54.5%. The median total dose of AT concentrate was 85.3 U/kg (53.7-120 U/kg). The median single dose of AT concentrate was 30 U/kg (30-50 U/kg). The median duration of AT administration was 3.0 days (1.0-4.0 days). With regard to the timing of AT administration, 84.1% (n ¼ 37) of patients were treated with AT on the same day that they were diagnosed according to JMHW DIC score; 18.2% (n ¼ 8) were started 1 day after being diagnosed with DIC.
Discrimination Capacity of JMHW DIC Scores for the JAAM DIC Criteria
The correlation between JMHW DIC scores and JAAM DIC scores is shown in Figure 2 . Both JAAM score and JMHW score showed a downward trend on day 3 (closed circle) compared to day 0 (open circle). There was a generally linear relationship between JMHW DIC scores and JAAM DIC scores; however, the same JAAM DIC score had several JMHW DIC scores (ie, for JAAM score 4, six different JMHW scores were obtained ranging from 4 to 9). Receiver operating characteristic curve analysis showed that the cutoff level of JMHW DIC score for discrimination of the JAAM DIC was 6 (sensitivity 0.725, specificity 0.757, P < .001), with an AUC of 0.822 (95% CI: 0.739-0.906).
Efficacy End Point
There was no significant difference in the demographics and laboratory findings between patients with and without infection (data not shown). The median JMHW DIC and pSOFA scores at day 0 among patients with infection were 7.5 (6.0-8.0) and 10 (8-12), respectively, and among patients without infection were 7.0 (6.8-9.0) and 11 (10) (11) (12) (13) , respectively. Patients with infection had a mortality rate of 4.2% (1/24) and tended to have high JMHW DIC and pSOFA scores at day 3 (P ¼ .398 and 0.176, respectively). The SMRs of both groups were not significantly less than 1.0 (with infection group 0.35 vs without infection group 0.76). Table 1 shows the demographics and clinical characteristics of patients <6 months versus >6 months of age. The JMHW DIC score at day 3 was significantly lower in the <6 months of agegroup, compared with the >6 months of age-group (P ¼ .030). Antithrombin activity at day 0 was significantly lower in the <6 months of age-group (P ¼ .005), but there was no significant difference in c-AT activity at day 0 (P ¼ .980). Antithrombin activity at day 3 was lower in the <6 months of age-group, compared to the >6 months of age-group; however, c-AT activity at day 3 was higher in the <6 months of age-group, compared to the >6 months of age-group (P ¼ .067, 0.108, respectively). Total dose of AT concentrate was significantly higher in the <6 months group (P ¼ .039). Table 2 shows the patient demographics and laboratory findings compared to the AT group, AT þ H group, and AT þ rhTM group. There were no significant differences in baseline demographics or laboratory findings among groups. Table 3 shows clinical and demographic characteristics of the patients with or without resolution of DIC at day 3. The patients with resolution of DIC had significantly lower JMHW DIC scores at day 0 (P ¼ .005) and day 3 (P < .001) and pSOFA (P ¼ .018) at day 3, as well as lower SMR than those without resolution of DIC.
Although there was no significant difference in total dose of AT concentrate, patients with resolution of DIC tended to have higher levels of c-AT activity at day 3 (P ¼ .076), compared to those without resolution of DIC. Receiver operating curve analysis showed that the target cutoff level of JMHW DIC score on day 0 was 7 (sensitivity 0.708, specificity 0.750, P ¼ .005), with AUC of 0.743 (95% CI: 0.595-0.890). Receiver operating characteristic curve analysis showed that the target cutoff level for JAAM DIC score on day 0 was 4 (sensitivity: 0.583, specificity: 0.900, P ¼ .005), with AUC of 0.747 (95% CI: 0.594-0.900). The target cutoff level of c-AT activity at day 3 was 90.0% (sensitivity 57.1%, specificity 77.8%), with AUC of 0.667 (95% CI: 0.487-0.846, P ¼ .078).
Safety Assessment
Adverse events were identified in 11 (17.5%) patients; no ADRs were observed. Severe AEs observed during the course of the study included cardiac failure, respiratory distress, pneumothorax, brain edema, sepsis, and acute liver failure. None of these serious AEs was considered related to treatment. Bleeding AEs occurred in 2 patients. These AEs were pulmonary and intracranial. These bleeding AEs were considered not to be associated with treatment.
Discussion
The purpose of the present study was to evaluate the efficacy and safety of AT supplementation and concomitant anticoagulant therapy and to evaluate target AT activity after administration of AT concentrate in children. The results showed that AT supplementation and concomitant anticoagulation therapy are safe for use as early treatment for DIC in the pediatric population (when JMHW DIC score is 6 or JAAM DIC score is 4). Antithrombin supplementation and concomitant anticoagulation therapy may accelerate the resolution of DIC and MODS, leading to improved 28-day survival. Increasing AT activity to 90.0% of normal 3 days after administration of AT concentrate may improve recovery from DIC in pediatric patients.
In the present study, DIC was diagnosed with the JMHW DIC scoring system rather than the JAAM DIC scoring system, because age <15 years was one of the exclusion criteria in data collection for development of the JAAM DIC criteria and it remains to be determined whether the JAAM DIC criteria can be safely applied to children. Recently, it has been revealed that rapid diagnosis using the JAAM criteria (JAAM DIC score !4) and early treatment of DIC improve outcomes 4 and diagnoses based on JMHW criteria (JMHW DIC score !7) are often too late. 5 In our study, as patients with DIC diagnosed by the JAAM DIC criteria could be detected using a JMHW DIC score of 6 as a cutoff value, it was considered that the JAAM DIC score of 4 corresponded to the JMHW DIC score of 6.
Infection is associated with coagulation disorders, resulting in DIC. Disseminated intravascular coagulation contributes to MODS and is associated with high mortality. 26 Matics and Sanchez-Pinto showed that pSOFA scores have strong discrimination for predicting in-hospital mortality in a pediatric intensive care unit, as well as in the subgroup of patients with infection. 22 The median pSOFA score for patients with sepsis was 8 (5-12); this group had a mortality rate of 12.1%. In the present study, the median pSOFA score among patients with infection was 10 (8-12); the mortality rate was 4.2%. Although these patients had higher pSOFA scores than those reported for patients with sepsis by Matics and Sanchez-Pinto, the mortality rate was lower. Because Matics and Sanchez-Pinto's report did not mention DIC treatment, anticoagulation therapy may reduce mortality.
The hemostatic system in children is significantly different from that in adults. Antithrombin activity in children is lower than that in adults. 23 A low AT level in septic children is a good prognostic marker for MODS and is associated with higher mortality. 27 In the present study, median AT activity at day 0 was significantly lower for patients <6 months of age, compared to patients >6 months of age (35.5% and 45.5%, P ¼ .005). However, median c-AT activity corrected by an age-equivalent AT activity of <6 months of age was almost equal to that of patients >6 months of age (46.8% and 43.3%, P ¼ .980). Because there were no significant differences in pSOFA and JMHW DIC scores between groups at day 0, there seemed to be no significant difference in patient severity between groups. Therefore, c-AT activity could be a universal marker, independent of age, for assessing the severity DIC in pediatric patients. The basis of DIC treatment is the vigorous treatment of underlying disease. So far, there is no universal consensus on the treatment of DIC. Anticoagulation therapy is widely used for sepsis-induced DIC in Japan. Antithrombin concentrate and rhTM are the agents used most frequently, and concomitant use of these 2 anticoagulants was associated with reduced mortality among patients with sepsis-induced DIC. 28 Only a few analyses performed in pediatric populations have been reported. Kreuz et al reported that administration of AT concentrate resulted in normalization of hemostasis parameters within 48 hours. 18 Shirahata et al investigated the effectiveness of rhTM in 210 children: 58.5% (48/82) of patients recovered from DIC and 71.6% (149/208) had survived on day 28. 20 The present study showed that 54.5% (24/44) recovered from DIC on day 3 and 93.2% (41/44) were alive on day 28. It was revealed that AT supplementation therapy might be as useful as rhTM administration therapy, for the treatment of pediatric DIC; concomitant therapy did not enhance the beneficial effect. However, Umemura and Yamakawa reported the benefit from rhTM only in patients with severe disease. 29 Therefore, it cannot be definitively concluded from the current study data that concomitant anticoagulation therapy is not useful in pediatric patients with DIC. Future studies will need to investigate these issues among patients who present with severe disease.
In the present study, rate of DIC resolution at day 3 was 54.5%. Compared to patients without resolution of DIC, patients with resolution of DIC had significantly lower JMHW DIC scores and a trend toward lower pSOFA scores at day 0. Patients with resolution of DIC also had significantly lower JMHW DIC and pSOFA scores at day 3. These results suggest that early treatment of DIC (eg, administration of AT concentrate) may improve DIC and MODS. Starting therapy when the JMHW score is 7 or the JAAM score is 4 may lead to improved prognosis. If the cutoff value of the JMHW DIC score is 6, cutoff sensitivity is 0.460 and specificity is 0.850. Because the JMHW DIC score on day 0 for all patients in this study was !6, the sensitivity of a JMHW DIC score of 6 was low. When treatment is started when the JMHW score is 6, the rate of DIC resolution should be even more rapid.
Among patients with resolution of DIC, median c-AT activity on day 3 was higher than that of patients with resolution of DIC regardless of AT concentrate dose. Gando et al evaluated the changes in AT activity after administration of a fixed dose of AT (30 IU/kg/d). Patients who achieved an AT activity level of more than 60% had better outcomes. 30 In our study, it was suggested that after administration AT (30 IU/kg/d for 2 days), the pediatric patients who achieved a c-AT activity level of >90.0% on day 3 had improved recovery from DIC. Therefore, at 3 days after administration of AT concentrate, target AT activity was 90.0% of normal.
Among patients who received AT concentrate alone or AT with concomitant anticoagulants (UFH, NM and rhTM), bleeding AEs affected 4.5% of patients; ADRs affected 0%. Antithrombin supplementation and concomitant anticoagulation therapy have been shown to be safe in children.
Limitations
There were several limitations to this study. First, this study was an examination of a single arm with no comparison arms. Second, there were small sample sizes in the subgroup analysis. Data were collected from patients who were not subjected to any inclusion criteria, as patients with DIC were consecutively registered at the initiation of AT administration. As a result, 21 patients were excluded. Although their clinical characteristics, such as severity scores or mortality, were similar to those of included patients, they could be a bias to the results. Third, this study was performed under daily clinical practice conditions (patients undergoing concomitant use of other anticoagulants or other treatments of DIC were not excluded from this study). Fourth, there was no uniform protocol for therapeutic intervention among patients with DIC, which could be a confounding factor in the outcome. Despite these limitations, this study offers new information about the effectiveness and safety of AT for children with DIC. Further study is needed to confirm these findings.
Conclusion
Among pediatric patients, AT supplementation and concomitant anticoagulation therapy may be used safely as early treatment for DIC, when DIC score is 6 or JAAM DIC score is 4 and target AT activity is 90.0% of normal at 3 days after administration of AT concentrate. This approach may improve the DIC resolution rate, decrease risk of MODS, and decrease mortality rate.
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